Abstract The first example of a ruthenium sensitizer (TUS-22) having a natural dye, bisdemethoxycurcumin, as a ligand has been synthesized. The dye-sensitized solar cell based on this novel dye showed 5.8% conversion efficiency under AM 1.5 (100 mW/cm 2 ) irradiation.
INTRODUCTION
Since the pioneering research was reported by O' Regan and Grätzel (1991) , extensive studies on the development of efficient sensitizers have been carried out to improve the light-to-electrical energy conversion efficiency of dyesensitized solar cells (DSCs) in the last two decades (Hagfeldt et al. 2010) . We previously reported that b-diketonate ligands are useful for the redox-potential engineering of the ruthenium sensitizer. These dyes 1 exhibit high conversion efficiency (Sugihara et al. 2004; Yamaguchi et al. 2007) . In this study, a novel ruthenium complex (TUS-22, Fig. 1 ) based on a bisdemethoxycurcumin (bdmc) has been designed and synthesized. This natural dye (bdmc) has a strong absorption around 410 nm and contains a b-diketone unit that can coordinate to the metal ion.
The new ruthenium sensitizer (TUS-22) showed strong absorption around 410 nm mainly attributed to the p-p* transition of the bdmc unit. In addition, the molar absorptivity at the MLCT band region for TUS-22 was larger than that for acac. Since bdmc has no absorption at this region, this enhancement is attributed to charge transfer from metal ion to ligand (the formation of the hybridized orbital between the bdmc orbital and the Ru-based orbital).
Formation of such a hybridized orbital spread over the Ru-bdmc framework was supported by the DFT calculations. On the other hand, the energy level of HOMO for TUS-22 after adsorbed on TiO 2 (0.82 V vs. SCE), determined by the electrochemical measurements, was the same as those for acac and N3. The lowest transition energy (E 0-0 ) for TUS-22 (1.64 V), estimated from the onset of the absorption spectrum, was very close to those for acac and N3, therefore, the energy level of LUMO for TUS-22 (-0.82 V vs. SCE) was also the same as those for acac and N3.
The DSC based on TUS-22 showed 5.8% conversion efficiency (active area: 0.25 cm 2 ) under AM 1.5 (100 mW/ cm 2 ) irradiation (Ozawa et al. 2011) , where DSCs with acac or N3 showed 6.8 and 7.9% conversion efficiency, respectively. The characteristic absorption of TUS-22 around 410 nm was not reflected in the incident photon-tocurrent conversion efficiency (IPCE) spectrum, in which about 55% IPCE values were obtained in the wavelength region between 450 and 600 nm. This lower IPCE value for the DSC with TUS-22 was attributed to the lager resistance for the forward electron transfer processes at the TiO 2 /dye/elecrolyte interface, observed by electrochemical impedance spectroscopy (EIS) analysis. This observation means that the backward electron transfer processes from the conduction band of TiO 2 were enhanced. The enhancement of the backward electron transfer processes induces decrease of the electron lifetime in the TiO 2 photoelectrode. Actually, stepped light-induced transient measurements of photocurrent and photovoltages (SLIM-PCV method) revealed that the electron lifetime in the TiO 2 photoelectrode of the DSC based on TUS-22 was much shorter than those for acac and N3, whereas the 1 For instance [Ru(dcbpy) 2 (acac)]Cl (acac, dcbpy = 4,4 0 -dicarboxy-2,2 0 -bipyridine, acac = acetylacetonate).
energy level for the conduction band of TiO 2 sensitized with TUS-22 was almost the same as those for acac and N3. This much shorter electron lifetime is also considered as a major reason for the inferior performance of the DSC with TUS-22. It is noted here that EIS analysis reveals the magnitude of resistance for internal electron transfer processes of DSC at the TiO 2 /dye/electrolyte interface, counter electrode/electrolyte interface, and the diffusion resistance of the electrolyte. On the other hand, SLIM-PCV method provides various information of the electron behavior at the TiO 2 /dye/electrolyte interface such as electron lifetime in the TiO 2 photoelectrode and electron density in the conduction band of TiO 2 . These measurements are well known as powerful tools to obtain detailed insights into the photovoltaic performances of DSCs. In summary, the first example of a ruthenium sensitizer (TUS-22) having a natural dye as a ligand has been synthesized. The DSC with this novel dye exhibited 5.8% conversion efficiency under AM 1.5 irradiation. 
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